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THE PREDICTION OF FRICTIONAL LOSSES 
IN VARIABLE-SPEED ROTARY COMPRESSORS 
1:.. Sakurai 
Major Appliance Products Engineering 
Laboratory 
Tosh1ba Corporation 
8, Shinsugita, Isogo-ku, Yokohama 235 
JAPAN 
AB::;'l'H.AC'l' 
,Vlathemat1cal model for pred1cting 
frictional losses occuring in rolling 
piston type rotary compres~ors has been 
developed. By using the model, each 
fr1ctional loss at ten locations in the 
compressor can be evaluated. 'l'he model 
was applied to calculate the frictional 
losses for variable-speed rotary 
compressors. The compar1sons of the 
mathematical results with the experimental 
results, obtained by measuring P-V 
(Pressure-Volume) diagrams, show good 
correlation. To predict the frictional 
losses more accurately, more accurate 
intormation on the oil viscosity related 
to the solubility of the refrigerant in 
the oil is necessary as well as further 
investigation about the lubriation 
process. 
I~·rRODUC'l'ION 
Variable-speed rotary compressors have 
been become popular in recent years in 
Japan Slnce air conditioners equipped with 
these advanced compressors can achieve 
higner s~EH ana make faster resvonse to 
the cooling or heating demand than ones 
with conventional constant-speed 
compressors. '1-o make optimum designing 
for the compressor operated in wide speed 
range, accuarate evaluation for the losses 
occuring in the compressor is necessary. 
However, among various kinds of losses 
occuring in the rotary compressor, the 
mechanical losses, or the frictional 
losses are the most d1fficult ones to 
evaluate with accuracy. Apart from the 
thermodynmic or fluid dynamic losses of 
refrigerant gas, these losses may be 
defined as: 
(1) f'r1ctional losses occurring between 
rubbing surfaces with oil films 
(2) frictional loss due to viscous drag 
between a rotor and refrigerant gas in 
a shell chamber 
(3) Pumping loss for feeding lubrication 
oil 
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while the total fr1ctional loss above may 
be obtained indirectly by using measured 
P-V diagrams [1], it is difficult to 
measure each frictional loss individually 
at various locations of the compressor. 
one possible way to obtain each frictional 
loss is to utilize mathematical modeling. 
'l'he model may help compressor designers 
know which frictional loss is 
significantly large and determine suitable 
design factors to reduce the loss. 
To make the model simple, following 
assumptions are made: 
(1) Either fluid or boundary friction 
is assigned to lubricating 
surfaces. (No mixed friction) 
(2) In journal bearings, the shafts rotate 
concentrically with the bearings. 
(3) coeff1cient of friction for boundary 
friction is always constant. 
(4) Pumping loss for feeding lubrication 
oil is considered to be negligibly 
small. 
DEVELOP!'lEN'£ OF 'I'HE MATHEMA'riCAL MODEL 
Types of Frictional Process 
Three kinds of lubrication may occur in 
the rotary compressor: boundary, mixed, 
fluid friction. However, in terms of 
complexity of the frictional process, it 
is very difficult to determine the 
coefficient of fr1ction in mixed 
frictional process since a part of the . 
load is supported by almost solid contact 
(boundary friction) and remainder by a 
fluid film. 'I'herefore, it is assumed that 
the friction at each location in the 
compressor is either of the extremes, 
boundary or fluid friction. 
Frictional Models in Rotary Compressors 
Including the loss due to v1scous drag 
between the rotor and refrigerant gas in a 
shell chamber, ten locations where 
frictions occur are assumed, as shown in 




Figure 1. LOCA'l'IUN;:; OF FRIC'l'IONS 
Blade 







Figure 2. LOCA'l'IONS OF Pl<IC'l'ION::i 
Shaft Model 
[Shaft and Main Bearing] 
'rhe main bearing to be used for the 
co1npressor is a typic;al jqurnal bearing. 
Assuming the shaft rotates concentrically 
with the bearing, Petroff's equation for 
fluid frictional loss is introduced. 
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LOCA'riONS O!o, FRIC'riONS 
Shaft and Main Bearing 
Shaft and Sub Bearing 
Shaft and Cylinder Plate 
End (Thrust Bearlngl 
Roller and Eccentric 
Upper Roller End and 







6 Lower Roller End and Boundary 
Cylinder Plate End 
7 Holler and Cylinder wall Fluid 
8 Blade and Cylinder Slot Boundary 
9 Blade Tip ane1 Roller Boundary 
10 Rotor End and Refrigerant Windage 
Gas in Shell Chamber 
{1) 
(Shaft and Sub Bearing] 
similarly as the main bearing, Petroff's 




[Shaft and Cylinder Plate End] 
Boundary friction is considered for this 
thrust bearing which support the gravity 
of the rotor ana the shaft, Since the 
configuration of this thrust bearing is a 
parallel face, a geometric converging 
wedge for fluid friction is not shaped. 
'l'he boundary frictional loss is 
( 3} 
Roller Models 
[Roller and Eccentric] 
Assuming that the roller rotates 
concentrically with the eccentric, the 
fluia frictional loss from Petroff's 
equation is 
where the moment, M











[Upper Roller End and Cylinder Plate End] 
Since there is very light load between tne upper roller end and the cylinder plate end, only fluid frict1on should be 
considered. The rotational motion of the roller may be separated into two motions: rotation about the axis of the eccentric and about the axis of the shaft. consider first that the orientation ot the roller 1n the cylinder chamber is always in the same direction, with the shaft rotating at angular velocity, w.. The fluid 




Then, suppose the motion that w
5 
is zero, while the roller rotates at angular 
velocity, wr• the fluid frictional loss is 
Lsb = Msb wr 
where, by using the 












Finally, assuming that the frictional loss between the upper roller end the cylinder plate end, L5 , is obtained by adding Lsa to LSb 
(10) 
[Lower Roller End and Cylinder Plate end] 
Similar as the thrust bearing, boundary friction is considered for the parallel face between the lower roller end and tne cylinder plate end. In the case of 
boundary friction, equations (7) and (9) are replaced with ones below respectively. 
M "' \.1 wr e (ll) 6a 
2u Wr(Rr2 
3 - R 3) 
M6b 
rl 
2 - R 2) ( 12) 3(Rr2 rl 
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[Roller and Cylinder wall) 
Since usually ten to twenty microns is maintained as a physical clearance 
between the cylindr1cal outer surface of the roller and the cylinder wall, it is considered that metal-to-metal contact never occurs there and fluid friction should be evaluated. The frictional loss which occurs on the assumed partial oil film between the roller and the cylinder wall is 
(16) 
Where F7 is a frictional force due to viscous drag [8]. 
F "' 7 (17) 
The frictional moment about the axis of the eccentric due to tnis force is 
(18) 
[Angular Velocity of Roller] 
According to tne References [8,9,10], 
sophisticated equations may be necessary to analize strictly the rotation of the roller about the axis of the eccentric which may vary during one rotation of the shaft. however, constant-speed rotation of the roller is assumed to make our model simple. 
For calculating w , five moments about the axis of the eccentric, as shown in Figure 3, should be considered. The angular 
velocity of the roller, w , is obtained by solving the equation b~low of the . balance of the five moments. 
(19) 
Where M is the moment due to the frictio~al force between the roller and the blade tip 
M9 : F9 Rr ( 20) 
When the roller is rotating 
Fg =: 1-1 F9n (21) 
Where Fgn is the normal force applying on 
the roller by the blade and may be mainly 
due to the pressure difference on the 
blade and the blade spring force. F9n is 
approximately 
( 22) 
6p ( 23) 
In solving equation (19), the possibility 
tilat the roller does not rotate at all 
bec.ause of the large frictional force of 
F must be considered. 'I'o determine 
wRether the roller rotates or not, the 
value ot w is assumed to be zero in the 
inequalityrbelow. 
( 24) 
If the inequality is satisfied wit~ wr 
equal to zero, w can be considered to be 
zero physically.r 
Figure 3. MOMJ::N·r::; ACTING 01'< RO.LL-"R 
Blade Model 
[blade and Cylinder Slot] 
It is considered that the olade makes 
metal-to metal contact with the cylinder 
Figure 4. PR8::iSURJ:: ON BLADE 
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slot. As presented in Reference [8), 
various forces act on the blade. However, 
the force to affect the boundary 
frictional loss most significantly is 
considered to be the resultant force, due 
to the oil pressure along the blade side 
clearances as shown in Figure 4. Consider 
that the blade is at the position of top 
dead center. The F , the reacting force 
normal to the bladeb~ide facing to suction 
chamber, is 
Fbl h Lb 




and the frictional loss is 
Lg == 4 e ].1 Fb2 ns 
( 26) 
where 
Fb2 == ].1 Fbl 
(27> 
[Blade Tip and Roller] 
The boundary frictional loss between the 
roller and the blade tip is 
(28) 
Rotor Model 
[Rotor Bnd and Refrigerant Gas) 
The refrigerant gas in the shell chamber 
may be disturbed by the balancers 
installed on the both sides of rater ends. 
Since the density of the gas tnere is 
relatively high, windage loss is 
conside~ed to occur [11]. 
The loss is 
L - L c ( 1r Dr ns ) 
3 
Ar 10 - 2 D ( 29) 
where Ar is the total area of the balancer 
ends normal to the tangential line of the 
rotor. It is assumed that c 0 ; drag 
coefficient, is equal to 1.20. 
PROPEMTIES OF LUBRICATION FILM 
~iscos~ of Refrigerant Oil 
The lubricating oil data on Suniso 4GSD 
from sun Petroleum Products Company is 
used for the model since the oil is used 
for the experimental compressor to be 
compared. In dealing with the viscosity 
of the oil, information on temperature 
effects and also on solubility effects is 
necessary. In Figure 5, the viscosity of a 
naphthene oil the almost same as Suniso 
4GSD is shown as a function of temperature 
and solubility. Equations for fitting are 



















0 Original from [5] 
Original from [4] 
Fitted 
Q,SL---~---L--_.----L---~ 
20 40 60 80 100 120 
Temperature (°C) 
VI "'CU"I"l'Y fo'OR SOLUTION O.f R-22 Figure 5. .... "" 
IN SUNlSO 4GSD OIL 
Solubility (w/w %) 
Figure 6. SOLUBILITY OF R-22 IN SUNISO 4GSD 
from Reference [2]: 
when 
O.l::;:S~0.3 
the viscosity is 
( a log
10
t + b ) 
10 
n o. 916 [ 10 - o. 8 J 
0.4894168 




b "' -3.556 s 2 + 1.5844 s + 12.5221 1321 
when 
the viscosity is 




no= 0.916 [ 10 
( -4.38 log
10t + 12.2931 
- 0.8 
134) 
( -4.5567 log10t + 12.645) 10 
0.916 [ 10 - 0.8 ] 
( 35) 
t 1.8 T + 491.67 
( 36) 
where Tis temperature of oil film (°C), n is absolute viscosity of oil (CPJ, ana S 
is solubility of R-22 in the oil film by 
weight fraction. On the caluculation, T 
is given by depending on the measured 
value, however, Sis d1tficult to be 
determined since the actual mixing and 
separating process of the refrigerant with 
the oil in the compressor is so 
complicated. As one of the assumption: 
(37) 
Where s0 is the solubility of the refrigerant in the oil at the bottom of 
the shell chamber. 1'he solubility, s
0
, is 
considered to be equal to the value or the 
sol1d line shown in Figure 6 [5]. The 
fitting equation derived is: 
p 




1 -4.3895302 X 10-s a 2 = 0.0086124418 a 3 -0.049693851 a 6.1681544 
a~ 2.2158169 X 10-S 
a




where Pa is the d1scharge pressure in MPa 
and Tg 1s the temperature of the oil at 
the b ttom of the shell in deg c. 
Coefficient of E'riction on Boundar.L..Qi! 
r'ilm 
According to Reference [7], the 
coefficient of sliding friction measured 
for the rubbing surfaces of the same type 
of the compressor with non-diluted oil is 
0.1 to 0.2. this data w1ll be available 
for our analysis since the nataure of the 
surLaces, surtace roughness, and 
composition of the oil are identical and 
the coefficient of sliding fr1ction of 0 .l 
to 0.2 is not affected by the load, the 
slid1ng v~locity, the v1scosity of the oil 
or the oil film temperature [2,6] as long 
as the friction is boundary. 
RESULT A~D OISCUSSIO~S 
Comparison of Mathemat1cal r<esults with 
E-xperimental 
(Comparison 1) 
The frictional losses at various locations 
in a variable-speed rotary compressor, 
having a rotational speed range 
approximately between 2,000 to 4,500 rpm, 
are predicted. 'l'he coefficient of 
friction is 0.15 or 0.20 for each boundary 
trictional loss and the viscosity for each 
fluid friction is uetermined from the oil 
temperatures measured and the refrigerant 
solubility assumed. Viscosities are 
calculated depending on these temperatures 


























~otational Shaft Speed (rpm) 
Figure 7. Cv.•lf'A.H.l::,UN 1 
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refr1gertant is considered (as assumed in 
equation (37) l and the case where it 1s 
not cons1dered, (S=O). The total 
frictional loss, obtained mathematically, 
is compared w1th the one obtained 
experimentally by measuring a P-V diagram 
(1], as shown in Figure 7." '!·he 
mathematical result for the coefficient of 
boundary friction equal to 0.15 and the 
oil yiscosity with consideration of 
solution ot the refrigerant is comparable 
to the experimental at low rotational 
speeds. However, tne measured frictional 
loss becomes larger than the predicted as 
tne shaft rotational speed increases. 
Even at the coefficient of boundardy 
fr1ction of 0.2, the U1f£erence between 
the mathematical and experimental values 
at high speeds is still large. Then, the 
mathematical frictional loss for the oil 
with no solution in tne lower speed range 
is higher than the experimental frictional 
loss, whereas before it was equal, while 
the experimental one is still larger at 
higher speeds. 
[Comparison 2] 
For another variable-speed rotary 
compressor, having a rotational speed 
range approximately from 3,400 to 7,000 
rpm, comparison between the mathematical 
and the experi1nental losses is made as 
shown in Figure 8. Besides both of the 
extreme cases that solubility of the 
refrigerant in the oil is zero and the 
max1mum (17.5%), the mathemat1cal losses 
at solubilities of every 5 percents are 
shown. As same as cowparison 1, the 
solubility, at which the mathematical loss 
agrees with the experimental, may decrease 
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Rotational Shaft Speed (rpm) 
~·igur<c' b. CUI<lf'AtU<:>vl'< 2 
8000 
(DiS CUStilOn] 
.!"row co,npar1sons 1 anu 2, it is considered 
that: 
(1) For predicting the total frictional 
loss with high accuracy, the oil 
viscos1ty should be evaluated properly 
by estimating the actual refrigerant 
solubility 1n the oil film as well as 
the oil film temperature. 
(2) The solubility, su1table for tne 
proper prediction, may decrease as 
the rotational shaft speed increases. 
However, further investigation about 
the lubr1cation process in higher 
speed range is necessary because the 
loss predicted, even at no solution of 
refrigerant, may be less than the one 
measured in the range. 
(3) The difference of the coefficient of 
iriction from 0.15 to 0.2 for the 
boundary friction in Figure 7 affect 
relatively the frictional loss at low 
speeds around 2,000 rpm, however, at 
hign speeds arouno 4, 000 rpm, it does 
not so significantly. 
As the reasons for lower solubility at 
higher speeds on the result (2) above, 
followings are considered: 
(11 Refrigerant gas in the oil might be 
released at high-temperature spots or 
released due to the other physical 
phenomena. 
(21 Refrigerant gas might not be absorbed 
sufficiently into the oil due to the 
short-time absorption process. 
Prediction of Each Frictional Loss 
In Figures 9 ano 10, it is shown that how 
the individual frictional loss in tne two 
different types of the compressors 
respectively changes as the rotational 
speed changes. Proper refrigerant 
solubil1ties to calculate the fluid 
frictional loss are selected by depending 
on the comparisons above. •rhe results 
are: 
<ll The fluid frictional losses 
particularly, the ones of journal 
bearings, become dominant among the 
various losses as the rotational speed 
increases. Th1s is because the fluid 
frictional loss is proportional to the 
square of the rotational shaft speed 
and the oil viscosity increases due 
to the solubillty decreased, while the 
boundary frictional loss is 
proportional to the shaft speed and 
the coefficient of friction lS assumed 
to be constant. 
<21 ~he bounuary frictional loss occuring 
between the blade tip and the roller 
is estimated to be zero. 
~ince the blade force acting on the 
roller mainly due to the pressure 
difference on opposite sides inside 
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( 3) 
and outside the cylinder is so laryer 
than any other forces acting on the 
roller. Tne roller is con~idered to 
be stuck on the blade tip in our 
moa8l. Even if the roller rotates 
actually, the rotational speea 
of tne roller could be at most 2 to 4 
percents of shatt rotational speed, 
unuer normal operating conditions. 
The frictional loss at the roller 
speeds above may not be significantly 
large . 
The windage loss, L10 , as shown in Figure 9, increases extreamely as the 
rotational speed or shaft increases. 
On the other hana, it is assumed that 
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)..1.==0.15 Pd=l.73MPa, Ps=0.63MPa 






1•'igure 10 •. t<'RIC'I'L0t.AL LOSSt:S PREDIC'l'W 
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for the result shown in Figure lu, 
since the rotor end of the model is 
made flat so that it may not disturb 
the refrigerant gas. 
41 ~he frictional loss at upper ana 






::.imple mathmat1cal model for 
predicting frictional losses at ten 
locations in rotary compressors 
including the windage loss at t~e 
rotating rotor, has been developed. 
The frictional losses of two different 
var1.able speed rotary compressors at 
various rotational shaft speeds are 
obtained by using the model. 
'l'he comparisons of the mathematical 
results with the experimental show 
that a~curate evaluation of the 
refrigerant solubility in the oil is 
important to predict the fluid 
frictional loss with accuracy. 
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average thickness of partial oil 
fllm 
drag force coefficient 
radial clearance of bearing 
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e 
roller clearance in axial direction 
average diameter of balancer 
eccentr1city ot eccentric 
E' force 






length of roller 
spring constant 
frictional loss 
lengtn of blade slot 
moment 
rotating speeo of shaft 
rotating speed of roller 
discharge pressure 
Ps suction pressure 
Rc rad1us of cylinoer 
Re radius of eccentric 
Rr radius of roller 
Rrl inner radius of roller end 




radius of shafrt 
ksl inner rad1us ot thrust bearing 
R52 outer ra
dius of thrust bearing 
S solubility of refrigerant in oil 
'l' oil temperature 
wb w1dth of blade 
~s weight of rotor and shaft 
wr weight of roller 
xb blade extention 
x 0 initial aisplacem
ent of spring 
a angle of arc of partial oil film 





viscosity of oil 
anyular velocity of roller 
angular velocity of shaft 
uen~ity of gas in snell chamber 
